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Abstract Regional land-use models must address
several foundational elements, including understand-
ing geographic setting, establishing regional land-use
histories, modeling process and representing drivers
of change, representing local land-use patterns,
managing issues of scale and complexity, and devel-
opment of scenarios. Key difficulties include manag-
ing an array of biophysical and socioeconomic
processes across multiple spatial and temporal scales,
and acquiring and utilizing empirical data to support
the analysis of those processes. The Southeastern and
Pacific Northwest regions of the United States, two
heavily forested regions with significant forest indus-
tries, are examined in the context of these founda-
tional elements. Geographic setting fundamentally
affects both the primary land cover (forest) in the two
regions, and the structure and form of land use
(forestry). Land-use histories of the regions can be
used to parameterize land-use models, validate model
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performance, and explore land-use scenarios. Drivers
of change in the two regions are many and varied,
with issues of scale and complexity posing significant
challenges. Careful scenario development can be
used to simplify process-based land-use models, and
can improve our ability to address specific research
questions. The successful modeling of land-use
change in these two areas requires integration of
both top-down and bottom-up drivers of change,
using scenario frameworks to both guide and simplify
the modeling process. Modular approaches, with
utilization and integration of existing process models,
allow regional land-use modelers the opportunity to
better represent primary drivers of land-use change.
However, availability of data to represent driving
forces remains a primary obstacle.

Keywords Land - Change - Model -
Regional - Foundation

Introduction

Forecasts of land use and land cover are needed for
multiple applications, including those examining
effects on water quality, biodiversity, carbon bal-
ances, and climate change (Loveland et al. 2003).
Increasingly many of these applications require land-
use data at regional scales, but at relatively high
spatial resolutions that realistically portray landscape
pattern. Over the last decade, vast improvements
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have been made in data availability, with freely
available remote-sensing data providing many key
biophysical inputs, while improvements have also
been made in the availability and integration of
economic and social sciences data (Verburg et al.
2008). Along with increases in computing power,
improvements in modeling environmental processes,
and new methodologies to represent uncertainty
(Pontius and Spencer 2005; Pontius et al. 2008), we
have greatly improved our ability to forecast land-use
and land-cover change.

However, land-use and land-cover processes are
extremely complex. Difficulties remain in trying to
simulate global to local scale biophysical processes
(e.g., global climate change down to parcel-level
changes in biogeochemical structure of the soil),
socioeconomic processes and human decision-making
(e.g., global commodity prices down to individual
land-owner decisions on agricultural land manage-
ment), and feedbacks between biophysical and social
processes. Parker et al. (2002) state that if modelers
are to provide modeling tools for policy makers, they
need to move away from abstract, generative models
of land-use change to more realistic, descriptive
models based on real-world data and processes. There
has been a tendency for some land-use modeling
efforts to focus on either environmental or socioeco-
nomic processes (Irwin and Geoghegan 2001),
although land-use change itself typically occurs as a
result of interactions between both of these processes.
In the last decade land-use modeling efforts, using
probabilistic modeling based on empirically derived
relationships between land-use and land-use drivers,
have attempted to capture interactions and feedbacks
between the biophysical and socioeconomic environ-
ments (Brown et al. 2002; Verburg and Veldkamp
2004; Verburg et al. 2004), while other models have
incorporated empirically derived data on environ-
mental processes into analysis of the human decision-
making process (Parker et al. 2002, 2004). There are
many modeling efforts that are now attempting to
model human-environment interactions at multiple
scales, feedbacks among drivers, and the resultant
impacts on land-use change. As these modeling
efforts increase in complexity, obvious gaps appear
in our understanding of land-use processes and in the
availability of data which allow modelers to explore
these processes.
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For regional land-use modeling, there are a suite of
“foundational elements” which typically need to be
addressed. This paper discusses several of the foun-
dational elements of regional land-use modeling, and
how those elements would potentially affect land-use
modeling efforts for two geographic regions, the
Southeastern US and Pacific Northwest. The discus-
sion touches on gaps in basic data availability, our
understanding of land-use change processes and
ability to model them, and the challenges unique to
each of the two regions. Note the discussion focuses
primarily on land-use and land-cover modeling
(discrete thematic land-use and/or land-cover clas-
ses), although many factors are fundamental for all
forms of land-change modeling.

Foundational elements for regional land-use
forecasting

Project design and methodology for land-use fore-
casts are directly related to the required use of the
forecast data. Ultimately, the required thematic,
spatial, and temporal resolution of land-use forecasts
depends upon how model outputs will be utilized.
These design characteristics are what drive model
technique and required inputs.

However, for regional landscape modeling, there
are a suite of factors which typically need to be
explicitly addressed. This non-exclusive list includes
the following.

Understanding of geographic setting

The one commonality linking all components of a
land-use forecast model is the emphasis on geo-
graphic location (Rindfuss et al. 2004). Ecological
and socioeconomic processes driving land-use
change are unique for a given geographic region, as
are the resultant spatial patterns of land-use change
(Loveland et al. 2002; Gallant et al. 2004; Sohl and
Sayler 2008; Verburg et al. 2008; Fig. 1). Land
owners and resource managers adapt to driving forces
within the constraints or opportunities associated with
geographic and ecological setting, including the
influence of settlement history. The unique drivers
and spatial characteristics of change must be under-
stood within a geographic or ecologic region. As a
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Fig. 1 Common land cover
conversions for ecoregions
of the conterminous United
States (Omernik 1987), as
measured by the USGS
Land Cover Trends project
(Loveland et al. 2002).
Primary land cover
conversions vary both
geographically and
temporally, with each
ecoregion characterized by
unique rates, spatial
patterns, and temporal
patterns of change
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result, it is evident no single approach to land-use
forecasting can be applied to all regions.

Establishment of regional land-use history

Land-use histories are valuable for regional scenario
development (Brown et al. 2002; Marcucci 2000), for
speculative problem-solving (Tomlin 1990), or for
calibrating and validating model performance (Wu
et al. 2008). Land-use models often rely on spatially
explicit land-use histories for parameterization and
training, using historical characteristics to inform
future projections (Claggett et al. 2004; Sohl et al. 2007;
Sohl and Sayler 2008). Regional land-use histories, in
conjunction with well-documented histories of major

drivers of change, are invaluable for establishing
cause and effect (i.e., how a given region responds to
changes in driving forces). Given the importance of
geographic setting, consistent land-use histories are
an invaluable resource for any regional land-use
forecast project.

Modeling process and representing drivers
of change

The biophysical and socioeconomic drivers of land-
use change vary spatially and temporally. As a result,
deterministic models based on land-use history alone
cannot adequately portray the variety of potential
landscapes that may occur. There is a need to
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establish a connection between social science and
spatial land-use models (Geoghegan et al. 1998;
Rindfuss et al. 2004; Matthews et al. 2007). Land-use
and land-cover forecast models must endeavor to
establish causality, linking human decision-making
with environmental and socioeconomic drivers at all
representative scales of analysis. A key difficulty in
establishing those linkages is the acquisition of
spatial data representative of key drivers of change
(Parker et al. 2002; Sohl et al. 2007).

Representation of local land-use pattern
There are clear spatial dimensions to land-use change

(Fig. 2), and those patterns depend on both physical
(e.g., topographic expression) and cultural (e.g., land
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Fig. 2 Spatial and temporal characteristics in patch density of
clear-cuts among different ecoregions of the southeastern US
and Pacific Northwest. Spatial dimensions of landscape change
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tenure) factors (Gallant et al. 2004). Local land-use
pattern has a strong influence on biodiversity, species
persistence, and ecological function (Poudevigne and
Baudry 2003; Wimberly and Ohmann 2004), as well
as water quality (Zampella et al. 2007), making
proper representation of local land-use pattern a key
requirement for evaluating the consequences of land-
use change (Brown et al. 2002). Improvements are
required for modeling spatial patterns of land-use
change (Wu et al. 2008). A key difficulty is
establishing linkages between social and biophysical
drivers of change and changes in land-use patterns
(Verburg 2006). An understanding of such linkages
would allow for more robust modeling of future land-
use pattern in response to future changes in driving
forces.

Northwest and Southeastern U.S. Ecoregions
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are unique to each region and must be properly represented for
regional land-use forecasts
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Managing issues of scale and complexity

Most land-use models do not account for the full
range of scales affecting change (Verburg et al. 2008;
Naveh 2001). Landscape processes have inherent
scales, and any attempt to model those processes at
different or aggregated scales will inevitably fail
(Parker et al. 2002). Some of the difficulty lies with
data availability. For example, Claggett et al. (2004)
noted the difficulty in properly simulating local
development pressure because accurate data on land
value and landowner characteristics were sporadi-
cally available. Even when sufficient data exists,
modelers face the challenge of integrating their
analyses across multiple spatial and temporal scales.
A vast array of diverse drivers affect land-use change,
and attempting to account for all of them while
maintaining a manageable level of model complexity
remains a challenge.

Need for scenario development

The goal of land-use forecasting is not to determin-
istically predict the future, but to represent possible
outcomes under specific scenarios. Prediction implies
that pre-defined conditions established in a forecast
model will continue to hold into the future (Parker
et al. 2002). Land-use modeling should focus on
anticipation of the possible and a prescription for the
desired (Naveh 2001). The development and imple-
mentation of multiple scenarios in a land-use model

Fig. 3 The Pacific
Northwest and southeastern
US study areas. Locations
of the USGS Land Cover
Trends samples shown in
Figs. 7 and 9 are also
depicted
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Pacific Northwest Study Area

allows for an exploration of the processes affecting
land-use change. Scenarios show what potentially
could happen in the future as a result of policy or
environmental change, and thus help decision-makers
mitigate potentially negative consequences of their
actions.

Foundational elements: southeastern US and the
Pacific Northwest

Here we examine each of the foundational elements
of regional land-use modeling discussed above in the
context of theoretical modeling efforts in two unique
geographic regions in the United States. The south-
eastern US and the Pacific Northwest (Fig. 3) are
both characterized by a strong forestry influence, with
national to global influences on wood product
markets. The two regions are both characterized by
favorable biophysical settings for the production,
management, and utilization of forest resources.
Forecasts of land-use in the two regions are needed
for exploration of many issues. Despite many simi-
larities in land cover and land use in the two regions,
the driving forces affecting forest cover and use, as
well as other forms of change, are quite different,
leading to different requirements for successfully
modeling change. The examples below are used to
highlight some of the major challenges affecting
regional land-use modeling in the context of these
foundational elements.

Southeastern Study Area

@ Springer
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Understanding geographic setting: southeastern
US and Pacific Northwest

Geographic setting sets the potential for land-use and
land-cover change in the southeastern US and Pacific
Northwest. The climate of the southeastern US is
ideally suited to agriforestry. Pine plantations have
emerged as a significant land use, making up as much as
50% of forested lands (Conner and Hartsell 2002).
Agriculture has historically played an important role in
the region, but the latest trend, influenced by both
Federal conservation programs and private enterprise,
has been the reforestation of agricultural lands to
pine plantations. Given the extremely favorable bio-
physical setting for forest cover, cutting intervals in the
southeastern US are short, with a typical rotation of
20-25 years. The result is an ever-changing forest
structure which is expected to continue to change due
to pressure from regional development and continued
strong demand for wood products (Wear and Greis
2002).

While much of the southeastern US forests are
associated with broad alluvial plains, Pacific North-
west forests are generally associated with a rugged,
mountainous terrain. Biophysical conditions and
commercial softwood species in the Pacific North-
west result in longer cutting cycles than in the
southeastern US, typically 40 years or more. Agri-
culture in the region is generally confined to coastal
areas and mountain valleys, and thus has had only a
minimal influence on recent forest change. Aside
from the densely developed regions around Puget
Sound and Portland, Oregon, there is little demand on
the forested landscape for urban and developed uses.

Biophysical conditions in both ecoregions favor
forested land cover, but geographic setting also
strongly affects land use and the forest industry in
the two regions. One of the most influential trade flows
in wood products in the world started after the
Columbus Day storms of 1962 blew down billions of
board feet of timber in the Pacific Northwest, resulting
in salvaged timber flooding world markets (Lane
1998; Daniels 2005). Asian Pacific Rim nations’
demand for softwood logs at the time initiated heavy
imports of Pacific Northwest logs. Geographic loca-
tion, availability of deep-water ports, and the bio-
physical potential to support a forest industry allowed
the Pacific Northwest to easily respond to Pacific Rim
market demand for timber products. The southeastern
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US timber industry is better positioned to supply
timber products for domestic use, especially for strong
eastern US construction markets. Differences in
geographic setting and biophysical conditions funda-
mentally affect structure and form of the forest
industry in the two regions, in terms of species grown,
types of timber products supplied, growth rates and
resultant cutting cycles, and access to domestic and
international markets.

Establishment of regional land-use history:
southeastern US and Pacific Northwest

Land-use histories of the two study areas can be used
for scenario development, exploration of past
response to land-use drivers, model calibration and
validation, and model parameterization. However,
consistent local land-use histories are often not
available for regional land-use forecast applications.
In the conterminous US, the US Geological Survey
(USGS) Land Cover Trends study provides contem-
porary (1973-2000) regional land-cover and land-use
histories on an ecoregion-by-ecoregion basis (Love-
land et al. 2002), data that have proven invaluable for
past regional land-use forecasts, (Sohl et al. 2007;
Sohl and Sayler 2008).

Land-use histories for the southeastern US and
Pacific Northwest offer important clues to regional
response to drivers of change. Figure 4 depicts
measured rates of forest cutting for 1973-2000 in the
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Fig. 4 USGS land cover trends mapped rates of clear-cutting
class for the Cascades ecoregion (in the Pacific Northwest) and
the Southeastern Plains ecoregion (in the southeastern US), as a
percentage of ecoregion area. While rates of cutting have
generally declined since 1973 in the Cascades, they have
showed steady continuous increases in the Southeastern Plains
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Southeastern Plains ecoregion of the southeastern US
and the Cascades ecoregion in the Pacific Northwest,
showing a general increase in cutting in the South-
eastern Plains and a decline in the Cascades ecoregion.
Reasons for these patterns include changes in both
policy and global economics (as discussed in later
sections). Land-use histories such as these, in con-
junction with well-documented historical changes in
driving force variables, can be used in the establish-
ment of cause and effect (i.e., how a given region
responds to changes in driving force variables).

Regional land-use histories can also be used to
characterize and model land-use configuration. Figure 2
depicts variations in patch density for forest clear-cut
patches in ecoregions of the southeastern US and
Pacific Northwest, with individual ecoregions exhib-
iting unique temporal and spatial characteristics of
clear-cutting. Such data on historical landscape
metrics for specific land-use transitions have been
successfully used to parameterize forecast models.
Sohl and Sayler (2008) used ecoregion-specific land-
use histories from the USGS trends study to spatially
model patterns of land-use change for the southeast-
ern US.

Land-use histories also offer the capability to
calibrate and validate model performance. This is
often done through the explicit modeling of historical
periods to examine model performance relative to
empirically measured land-use histories. Sohl and
Sayler (2008) compared 1992-2000 forecast model
results with patterns of land-use change as measured
by the USGS Land Cover Trends project to examine
FORE-SCE model performance in the southeastern
US. Land-use histories can also be used in the
exploration and development of scenarios, through
either basic extrapolations of historical land-use
patterns (Sohl et al. 2007; Sohl and Sayler 2008),
or through the exploration of historical response to
specific driving force changes. Land-use histories
offer tremendous utility for parameterizing land-use
models, improving and validating model perfor-
mance, and exploring and developing land-use
scenarios.

Modeling process and representing drivers of
change: southeastern US and Pacific Northwest

An understanding of geographic setting and avail-
ability of consistent land-use histories allows for the

analysis of land-use change processes. Drivers of
change operate at global to local scales. This section
primarily focuses on global and national drivers of
change, drivers which have uniquely affected the
southeastern US and the Pacific Northwest.

In the Pacific Northwest, government policies have
had significant influences on forestry. US Fish and
Wildlife’s decision to list the Northern Spotted Owl
as “threatened” in 1990 led to the establishment of
the Northwest Forest Plan in 1993, a plan which
changed much of the focus of forestry on federal
lands in the region to preservation of habitat. Logging
on national forest lands in the Pacific Northwest
declined sharply from the high 1980s levels (Daniels
2005), leading to overall declines in timber harvest
and higher percentages of harvest coming from
private lands. Pacific Northwest ecoregions with
significant public forest land (Ecoregions 4, 9, 77,
and 78) showed declines in patch density of clear-cuts
between 1992 and 2000, while ecoregions dominated
by private forest land (Ecoregions 1, 2, and 3)
exhibited increases (Fig. 2). Also during this time, an
increase in Canadian exports to the US led to
establishment of the Canadian Softwood Lumber
Agreement (SLA) of 1996, meant to limit Canadian
softwood exports to the US.

These and other policies also had strong, indirect
effects on the forest industry in the southeastern US.
The strong economy and resulting construction boom
in the US in the 1990s brought increased demand for
wood products. Southeastern US forestry largely
filled the void caused by 1990s declines in Pacific
Northwest forestry and limits placed on Canadian
imports by the 1996 SLA (Fig. 4). The establishment
of the Conservation Reserve Program (CRP) in the
mid 1980s also had a strong impact on southeastern
US forestry and land use, as over 1,000,000 ha of
plantation forestry was planted on marginal agricul-
tural lands. The CRP program, while locally impor-
tant in a few parts of the Pacific Northwest, had very
little effect on that region’s forestry (Fig. 5). The
potential effects of government policy are uneven,
but even more importantly, they are unpredictable
and difficult to model, both from the standpoint of
predicting what future policy will be, and how those
policies will affect land use at a regional scale.

Changes in international trade of wood products
have had substantial impacts on the two regions in
recent decades. Up until the early 1990s, the United
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Fig. 5 Conservation
Reserve Program (CRP)
impacts on land use in the
Pacific Northwest and
southeastern US. While
significant conversion of
marginal agricultural land
to pine plantations occurred
in the southeastern US, very
little conversion occurred in
the Pacific Northwest

States was one of the world’s lowest cost producers
of timber products (Haynes 2003). Nearly all US
exports to the Pacific Rim originated in the Pacific
Northwest, leading to very high (and eventually
unsustainable) rates of cutting in the region by the
1980s. However, starting around 1990, US exports to
Pacific Rim markets began to decline, as the Asian
economic collapse of the mid-1990s resulted in much
lower demand for wood products. Globalization of
the wood product industry has also had a negative
influence on Pacific Northwest forestry, with Chile,
New Zealand, and Russia becoming major forces on
the global market. The southeastern US, on the other
hand, was traditionally more of a domestic supplier of
timber products, and direct effects of the Asian
economic collapse or globalization of the wood
product industry were small in comparison to effects
in the Pacific Northwest.

Climate change also could have significant impacts
on forest resources in the two regions. There is
uncertainty in potential biological response to climate
change, but in general, increased atmospheric CO, is
expected to initially result in overall increases in forest
productivity (McNulty and Aber 2001; Aber et al.
2001). As expected warming continues, there are
increased likelihoods of drought-induced diebacks,
changes in fire regimes, and susceptibility to insect
damage and pathogen outbreaks (McNulty and Aber
2001; Aber et al. 2001), each of which could
significantly reduce forest productivity. In terms of
impacts on the southeastern US, Burton et al. (1997)
note that the economic impacts of climate change on
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southern forest producers are likely to generally be
larger than national effects. McNulty et al. (1996)
suggested the potential for severe ecosystem disrup-
tion and very strong long-term declines in net primary
production (NPP) for many southern US pine forests.
In the western US, wildfire is predicted to increase in
frequency in response to climate change, due largely
to increased fuel loads and increased likelihood of
long-term drought (Aber et al. 2001).

Ideally, regional land-use modelers would under-
stand not only climate, economic, and policy change,
but how these processes interact to affect land-use
change. In order to successfully predict impacts of
climate change on forest resources in the southeastern
US and Pacific Northwest, a regional modeler would
ideally access a global model of forest industry
adaptations to climate change. Given the globaliza-
tion of wood product industry, climate change
impacts on Canadian forestry, for example, could
have a tremendous impact on utilization of forest
resources in other regions (McCarl et al. 2000).

While this section has focused primarily on global
and national drivers of change, local forces also affect
land use. The next section will focus on some of the
local factors affecting land-use change and land-use
patterns.

Representation of local land-use pattern:
southeastern US and Pacific Northwest

An understanding of geographic setting, land-use
histories, and the primary drivers of land-use change
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provides the capability to properly represent and
model future land-use patterns. Land-use change is
generally a local event, with relatively small patches
of contiguous land affected by complete land-cover
conversion at any one time (Sohl et al. 2004). It is the
interaction of local agents (e.g., land-owners, corpo-
rations, government) that drive change at the local
parcel level and produce unique local landscape
patterns, and it is the aggregation of local land-use
change that ultimately results in regional patterns of
change. Linking land managers or decision-makers to
the parcels of land they control is critical for many
land-use applications (Rindfuss et al. 2004), as land
owners have significant differences in how they
manage the landscape and how those management
practices affect land-use pattern (Turner et al. 1996).

Figure 6 depicts mapped historical (1974-2000)
clear-cutting in a 10 km USGS Land Cover Trends
study sample block, located in the Cascade Moun-
tains of the Pacific Northwest. Land ownership in the
area is a mixture of publicly owned lands (primarily
National Forest land) and lands in private ownership.
Historical clear-cutting patterns in the sample block
illustrate stark differences in both the rates and spatial
pattern of cutting between ownership types, with
more cutting and larger patch sizes for clear-cuts on
private land. Clear-cutting on National Forest lands in
much of the Pacific Northwest has historically been
conducted with 10-20 ha cuts, dispersed widely over
areas of older forest (Spies et al. 1994; Wallin et al.

450

1994). This pattern of cutting was established to
mitigate hydrologic effects of logging, minimize
effects on biodiversity, and promote natural forest
regeneration (Wallin et al. 1994). However, Spies
et al. (1994) note the primary objective on private
land in the area is typically to maximize short-term
financial return, resulting in dramatically different
patterns of forest change.

Public ownership is a much different issue in the
southeastern US, where there is relatively little
public land (Fig. 7). Private Industrial forestry
ownership versus private individual (non-industrial)
ownership becomes the most relevant ownership
factor in the region, as private land-owners are
significantly altering the characteristics of future
forest resources in the region, but with major
differences between the two private ownership types
(Trani 2002). Significant population increases in
parts of the US South, resultant urban development,
and changing private ownership patterns on forest
land have resulted in significant fragmentation and
parcelization of the landscape (Fig. 8). Wear et al.
(1999) showed a linear relationship between popu-
lation growth and commercial forestry decline in
Virginia, with commercial forestry effectively dis-
appearing once population density reaches a certain
threshold, while Zhang et al. (2005) showed that
parcelization and increased non-industrial private
ownership in the US South also has resulted in less
intensive timber management.

Sample 4-422 - Mean Patch Size of Clear-Cuts per Ownership Type
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Fig. 6 USGS Land Cover Trends sample 4-422 from the Cascades ecoregion. Significant differences exist between private and
public land in land management practices, with more cutting and larger patch sizes for clear-cuts on private land
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Fig. 7 Federal and
protected lands in the US.
Significant portions of the
Pacific Northwest are in
public ownership, while the
vast majority of the
southeastern US is privately
owned

Fig. 8 USGS land cover
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trends sample in the
Piedmont ecoregion in the
southeastern US.
Urbanization has had a very
strong influence in the
block, with urbanized area
increasing from 27 to over
83 km” from 1973 to 2000

10 km

1973 1980 1986 1992 2000

] Non-urbanized
1973 Urbanized Area
I 2000 Urbanized Area

Shifts in ownership patterns in the southeastern US
have the potential to dramatically alter forest struc-
ture in the region. However, spatially explicit data
discriminating ownership type at the level of private
industrial versus private non-industrial owner are not
readily available on a regional basis, leaving a
potential gap in establishing and modeling causality
and resultant land-use change patterns in the south-
eastern US. This section has focused on ownership,
but other forms of data useful for forecasting land-use
pattern at the local level (e.g., local urban zoning and
planning maps) are also often either difficult to
obtain, or are difficult to consistently aggregate and
utilize at regional scales.
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Managing issues of scale and complexity:
southeastern US and Pacific Northwest

Prior sections have shown the importance of drivers
of change at global to local scales in the southeastern
US and the Pacific Northwest. Climate change,
effects of global economics and trade, and govern-
mental policy all are likely to impact future forestry
and other land-use change in the two areas, but will
likely affect each region differently. At a local scale,
land ownership is one of many local factors that will
likely strongly affect both future land-use and land-
use patterns in the two regions. It can be extremely
difficult to represent all processes and feedbacks at
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different scales. Agent-based modelers would argue
that land-use modeling cannot operate successfully
without attempts to model the human decision-
making process (Parker et al. 2002), and that agent-
based models offer the ability to link environmental
and social processes (Matthews et al. 2007). Others
would argue that representing behavior of individual
agents and effects of their decisions on land use is
difficult and often impractical (Verburg 2006), given
that modelers must also model highly complex,
dynamic spatial environments and processes, and
feedbacks with human agents (Couclelis 2002).

Issues of scale are but one component of the
inherent complexity of regional land-use modeling,
as the processes affecting land-use change are
interrelated and complex. Detailed, robust modeling
of each variable affecting land use and modeling
feedbacks between those variables is typically impos-
sible to achieve. Regional land-use modelers must
often use techniques to compartmentalize or gener-
alize individual driving force effects. For example, at
a regional scale, it is generally impractical to
explicitly attempt to model the decision-making
process for all individual entities (agents) in a study
area. However, regional forecast models can still
attempt to model the decision-making processes
through generalization of individual decision-making
entities into “bins” of similar entities. For the
Cascades ecoregion example (Fig. 6), we can “bin”
all private and public land-owners into distinct
categories, and attempt to model a generalized
decision-making process for groups of similar agents,
and how their collective decisions are expressed as
patterns of landscape change. If adequate ownership
data were available, we could do the same for the
southeastern US example, “binning” industrial pri-
vate forest landowners and non-industrial private
forest landowners, and modeling generalized deci-
sion-making processes for each. This level of gener-
alization provides a level of representation of local
decision-making processes, yet avoids the complexity
of modeling individual land-owner decisions at a
regional extent.

Similar levels of abstraction and generalization are
often required for other drivers operating at global to
local scales. It is impractical to explicitly and
robustly model drivers of change operating at all
relevant spatial and thematic scales. Modelers must
contend with the inherent tradeoff between model

complexity and transparency, as decision-makers
may be reluctant to consider land-use forecasts if
the logic and processes can not be clearly and
transparently communicated. Techniques for gener-
alizing specific land-use processes offer the chance to
simplify the land-use modeling process. Another
opportunity to manage model complexity is the
judicious use of well-developed scenarios, as dis-
cussed in the next section.

Need for scenario development: southeastern US
and Pacific Northwest

The use of well-developed scenarios, with founda-
tions developed by supporting land-use histories,
offers the regional land-use modeler another oppor-
tunity to deal with model complexity, and also is vital
for focusing the utility of land-use forecasts to
address specific research questions. Scenarios can
be used to assist the modeler in limiting variability in
all the processes potentially affecting change. For
example, attempting to account for all processes
affecting land-use change in the southeastern US or
Pacific Northwest would likely involve the integra-
tion and modeling of feedbacks between demo-
graphic projection models, econometric models,
timber harvest models, global climate models,
agent-based models of ownership changes, and many
more. A more realistic approach is to develop
scenarios with a set of a priori assumptions for
certain potentially confounding driving force vari-
ables, reducing or eliminating the need to model
those variables.

Modeling potential impacts of climate change on
Pacific Northwest or southeastern US forestry, for
example, could begin with the construction of
multiple scenarios where assumptions are made
regarding baseline economic or political conditions,
variables that may be left constant between different
model runs while climate variables are altered. Doing
so reduces the need to examine feedback mechanisms
between climate change and economic or political
conditions, simplifies model construction, and allows
for sensitivity analyses, testing how the landscape
and systems governing it respond to select and
focused changes in one or a few driving force
variables (in this case, climate change). Such an
approach is often very valuable to a policy-maker or
land-manager, as it allows for the exploration of
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potential outcomes from a specific policy or man-
agement choice.

The use of scenarios as a framework for analyzing
regional land-use change may also help address
issues of model uncertainty. Modeled estimates of
future change are often extremely uncertain, but so
are the inherent assumptions required to perform
regional land-use modeling. Haynes (2003), for
example, used an assumption of continuing 1999
US per capita wood consumption in projecting future
forest change, but technological innovation or other
unforeseen change could radically and unexpectedly
change per capita wood consumption in the future. In
addition, demographic projections required to calcu-
late just how many “capita” will exist in the future
are themselves wrought with uncertainty. Haynes
(2003) also used the assumption that the US will have
shrinking federal debts in future years and resultant
lower long-term interest rates. The severe global
recession beginning in 2008 brings into question the
future validity of that assumption, an alteration of
future reality severe enough to undoubtedly alter
outlooks for the US timber industry. Despite these
assumptions, however, the projections offered in the
Haynes (2003) analysis still have high value, as the
work was presented in a scenario framework which
allows the exploration of one potential future, and
allows decision makers to examine potential out-
comes of their decisions under specific scenario
conditions.

Discussion

For regional land-use modeling, there are several
foundational elements which typically need to be
addressed. This paper illustrates the effects of these
foundational elements on potential land-use modeling
in the southeastern US and the Pacific Northwest, and
demonstrates the significant challenges modelers face
in addressing those elements. While the case studies
demonstrate difficulties in addressing each individual
element, a primary overarching difficulty is the
modeler’s ability to integrate social and biophysical
processes from multiple disciplines, processes with
inherently different spatial, temporal, and thematic
foci, into one comprehensive model describing pro-
cess and causality with respect to land-use change.

@ Springer

It must be realized that a perfect representation of
all biophysical and socioeconomic processes affect-
ing land-use change is impossible to achieve in a
single model (Sohl and Sayler 2008; Verburg et al.
2008). However, we argue that regional land-use
modelers should account for the foundational ele-
ments described in this paper. Although land-use
models typically either assume a “top-down” or
“bottom-up” hierarchy, both global- and national-
level processes affecting regional change, as well as
local-level processes, need to be incorporated in
regional forecast models (Verburg 2006). Further-
more, modeling must account for how those multi-
scale processes interact with each other within the
context of scenarios describing future driving forces
of change (Fig. 9). The case studies above illustrate
the top-down influences of economics, climate, and
policy variables, as well as the bottom-up influences
of local-site variables (ownership). A successful
approach for accounting for processes operating at
different scales is to compartmentalize processes in
distinct model modules. Models such as CLUE
(Verburg and Veldkamp 2004; Verburg et al. 2008),
for example, use a modular approach to account for
processes operating at different scales, with global to
national-scale processes (climate, economic, policy,
etc.) driving a “demand” module, while site-specific
local variables (ownership, etc.) drive a “spatial
allocation” module.

Scenarios

| National/Global

Tax Policy | Drivers Clmate
Market Forces. ! Change
Incenthves

[ L .

Regional Blophysical

| (Faedbacks

Feedbacks) |
—\_  Land-Use Lt
Tas Policy Local Lu::.::“h

Drivers

Fig. 9 Schematic diagram of integrated “top-down” and
“bottom-up” approaches for regional land-use modeling.
Depicted are relationships among the effects of national and
global drivers of change, local drivers of change, and
feedbacks between them, all in the context of scenarios
designed to explore multiple possible futures
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The case studies also illustrate the need for specific
scenarios to focus research questions and limit model
complexity. Tremendous uncertainty exists regarding
future policy and its effects on land use, extent of
climate impacts on both social and biophysical
systems, and many other processes affecting land-
use change in these two regions. A regional land-use
forecast for the Pacific Northwest, were it conducted in
the 1980s, could not possibly have foreseen the land-
use effects of the Northwest Forest Plan or the 1990s
Asian economic crisis. A regional land-use forecast
for the southeastern US, were it conducted in the early
1980s, could not possibly have foreseen the land-use
effects of a future CRP program or the 1990s US
construction boom. Similarly, a contemporary land-
use forecast study for the two regions would likely fail
to see many major future economic or policy impacts
on land use. The true power of regional forecast
models is not to predict the future, attempting to defy
this inherent uncertainty, but to explore alternative
futures, allowing decision- and policy-makers the
ability to envision potential outcomes of their deci-
sions under specific scenarios. Scenarios define the
overall regional modeling approach, identifying which
processes and feedbacks are explicitly modeled, and
which are defined by assumptions or fixed states.

Along with scenario development, another tool for
dealing with model complexity is the use of existing
models from other disciplines. Regional land-use
models should take advantage of external research
and modeling activities where possible. Verburg et al.
(2008), for example, integrated a global economic
model (global trade analysis project (GTAP); Hertel
1997) and an integrated assessment model (integrated
model to assess the global environment (IMAGE);
Strengers et al. 2004) with the CLUE-S land-use
model. Sohl and Sayler (2008) advocated for inte-
gration of existing, robust forestry models such as
PnET-II (Liang et al. 2002) with the FORE-SCE
land-use model (Sohl et al. 2007; Sohl and Sayler
2008), using the robust but coarser scale forestry
model to provide regional or county-level “demand”
for a given forest usage, and then using FORE-SCE
to spatially allocate that change at a finer scale.
Modular land-use models facilitate integration of
external models, allowing the land-use modeler to
utilize specialized process models that are likely far
more accurate and robust than could be developed by
land-use modelers themselves.

It should also be understood that geographic
variability of land-use change has significant impli-
cations for the transport of mapping and forecasting
methodologies across regions (Sohl et al. 2004). We
need to be cognizant of the difficulties in developing
a “generalized”, transportable land-use model. Given
the regional variability in drivers and characteristics
of change and the spatial manifestation of that
change, it is unlikely that one generalized model of
land-use change could be developed and successfully
applied regionally across the globe. However, mod-
ular approaches to land-use modeling allow for
repeated uses of generalized process models regard-
less of geographic area being modeled. Modular
approaches allow for a “plug-and-play” environment,
where individual modules representing different
processes may be used as needed.

Data availability remains a primary challenge for
regional land-use forecast modeling. Land-use histo-
ries such as those provided by the USGS land cover
trends study can play a vital role in regional land-use
forecast modeling. Those data not only provide
historical perspectives on rates and spatial patterns
of landscape change, but can also be used to examine
relationships among place, process, and spatial
pattern. However, land-use histories such as these
are often either not available or are lacking in quality
and consistency (Kline and Alig 2001). Even where
synoptic, consistent data sets are available from
remotely-sensed sources, validity and quality issues
sometimes affect modeling results. For example,
Claggett et al. (2004) and Sohl et al. (2004) note the
difficulties in using Landsat imagery to accurately
detect and map low-density urbanization, a limitation
that has a direct effect on the use of Landsat-based
urbanization mapping to calibrate and train models
such as SLEUTH (Claggett et al. 2004). Much of the
low-density urbanization depicted in Fig. 8 is diffi-
cult to identify using Landsat alone, and likely would
not have been correctly mapped without the manual
interpretation methodologies used by the USGS
trends study. The availability and validation of
historical land-use data with a standardized set of
“best practices” remains one of the foundations for
land-use forecasting (Rindfuss et al. 2004).

Regional land-use forecast models have greatly
evolved over the last 10 years, from what were often
deterministic, empirically based models to robust,
process-based models examining land-use change
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processes operating at multiple relevant scales. The
next 10 years will be marked by continued improve-
ments in availability of spatially explicit land-use
histories and driving force data that are vital to
regional forecast models, as well as improvements in
our ability to represent physical, biological, and
cultural components affecting land-use change and
the feedbacks between those components.
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